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I. Project background 
Under the provision of the 1972 Clean Water Act, the District of Columbia has the 
obligation and responsibility to manage nutrient allocation from the Potomac Basins into 
the Chesapeake Bay as part of the Chesapeake Bay Agreement. One of the outstanding 
issues in the Chesapeake Bay is its recurrence of hypoxia and anoxia in bottom waters 
during the summer season. Since the hypoxia/anoxia has a relation to the vertical 
stratification that prevents the oxygen-rich surface water to reach to the bottom, a 
reduction of stratification could have a potential for use in mitigation of the bottom DO 
problem. An interesting research strategy, brought up by the Department of Health, is to 
investigate whether the Rappahonnock Shoal Channel (RSC) acts as a topographic 
control that influences the salt transport moving northward and that, in turn, affects the 
vertical stratification in the northern portion of the Bay. This could have a bearing on 
the bottom oxygen concentration at the deep channel in the middle and upper Chesapeake 
Bay. Our research activities focus on using the calibrated hydrodynamic and water 
quality models of the Chesapeake Bay to quantitatively address the issue. 
II. Introduction 
Chesapeake Bay is one of the nation's largest estuaries and most valuable natural 
resources. The estuary, however, has been subjected to increasing environmental stress, 
including over-enrichment of nutrients, loss of habitat, and reduction ofliving resources. 
In 2000, Chesapeake Bay was listed as an impaired water body under the Clean Water 
Act. The initial formation of hypoxic waters that occurred in the late spring is partially a 
result of increased temperatures, which enhance metabolism in the water column as well 
as in the sediment. As a result, the water column consumes more oxygen than it 
generates, and thus requires re-supply of oxygen from the upper layer and horizontal 
movement of deep oxygenated water from the lower reaches of the Bay. 
It has been recognized that the amount of oxygen in lower layers of Chesapeake Bay is 
strongly influenced by the vertical stratification. The fresh water during the spring from 
the Bay tributaries drives a seaward surge of low salinity; at the same time, the salty 
water from the lower Bay was pushed landward by the baroclinic pressure gradient. That 
results in an intensification the two-layer estuarine circulation and an increase of the 
stratification in the deep portion of the Bay. The "insulation" of hypoxic/anoxic waters by 
the stratification eliminates the resupply of oxygen from the oxygen-rich surface water to 
the bottom water. 
The degree of stratification depends on the vertical mixing, advection, and the amounts of 
fresher water and denser saline waters flowing into the system. Morphologically, the 
heavier, salty water follows the deep channel while flowing landward. A critical pathway 
for the salty water to move up the Bay is through the Rappahonnock Shoal Channel 
(RSC). RSC, maintained by the Army Corps of Engineer, is a narrow ship channel 
connecting two deep natural channels: one extends from the Bay mouth toward the 
Pocomoke Sound and the other extends from the mouth of Rappahonnock Shoal 
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Figure 1: Major dredged channels in the Chesapeake Bay 
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Figure 2: Rappahannock Shoal Channel connecting two natural deep channels 
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northward to Baltimore Harbor along a western route of the Lower Bay, as shown in 
Figures 1 and 2. The RSC is a 3.2 mile-long, man-made dredged channel about 800 feet 
wide and 42 feet deep. The ambient water depth near RSC is about 30 feet and becomes 
less further west toward the mouth of Rapppahonnock River, referred to as 
Rappahonnock Shoal. The purpose of the RSC is to provide a deep draft ship a safe 
passage through the Rappahonnock Shoal for going further north along the natural deep 
channel of the Bay. The passage coincidentally also allows the salt water to transport 
from the lower Bay into the middle and upper Bay basins. Given that salty water can 
increase the vertical stratification, the question is how significantly does the passage itself 
contributes to the salt transport and thus the stratification in the middle and upper 
Chesapeake Bay during the summer month. 
Since the stratification in the Chesapeake Bay is associated with freshwater inputs, tidal 
motions, wind forcing, coastlines and bathymetry, it is too complicated to treat the Bay as 
a simple mixing box. In order to predict salinity, stratification, and oxygen distributions 
in the Bay, we use the numerical hydrodynamic and water quality models to realistically 
simulate the salinity and DO conditions in the Bay. The hydrodynamic model CH3D and 
water quality model ICM have been developed and used as predictive tools under support 
from both the US EPA Chesapeake Bay Program and the US Anny Corps of Engineers 
(Cereo, Johnson, and Wang, 2002). 
The goal is to quantitatively assess whether the hydro-morphology of Rapppahonnock 
Shoal Channel (RSC) affects the salt and oxygen balances in the middle and Upper Bay. 
If these balances are affected, the question is by how much? Chapter III describes the 
Chesapeake Bay hydrodynamic and water quality model. Chapter IV presents the 
calibration of hydrodynamic and water quality for the existing Chesapeake Bay 
condition. In Chapter V, the hydrodynamic and water quality model simulation with 
RSC closed is conducted, and assessment of the impact of RSC closed condition is also 
presented. Finally, Chapter VII discusses and concludes the results. 
III. Description of hydrodynamic and water quality model of the Chesapeake Bay 
A. Hydrodynamic Model CHJD (Curvilinear Hydrodynamic Three-Dimension) 
The hydrodynamic model used for the study is a 3D time-variable model called CH3D 
(Curvilinear Hydrodynamics in 3 Dimensions). The initial development of the 
dynamically coupled hydrodynamic model and water quality model was jointly funded 
by EPA and Army Corps of Engineers. Later, the revision of the model for refining the 
Virginia tributaries were conducted by Cereo, Johnson, Wang (2002). As its name 
implies, CH3D makes computations on a generalized curvilinear or boundary-fitted 
horizontal grid. However, to ensure that long-term stratification in the deep channels is 
maintained, the vertical grid is Cartesian. Boundary-fitted grids in the horizontal 
directions allow for a better representation of the boundary of the Bay as well as internal 
features such as channels and islands. 
All physics impacting circulation and mixing in water bodies such as Chesapeake Bay are 
included. These include the impact of freshwater inflows, tides, wind forcing, the impact 
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of the rotation of the earth, surface heat exchange, and the effect of turbulence on the 
mean circulation. The vertical turbulence closure model computes the eddy viscosity and 
diffusivity from the kinetic energy and dissipation of the turbulence. This type of closure 
model is known as a k- i:; turbulence model. Turbulence is produced by wind stress at the 
surface, velocity shear in the water column, and bottom friction. Density effects due to 
salinity and temperature are fully coupled with the developing flow field. Thus, 
advection/diffusion equations for the salinity and temperature are solved along with the 
conservation of mass and momentum equations for the flow field. An equation of 
state relates the water density to the salinity and temperature fields. Surface heat 
exchange is modeled through the Edinger, Brady, and Geyer (1974) concept of an 
equilibrium temperature. 
The numerical algorithm consists of an external and an internal mode. The 
two-dimensional (2-D) water surface field and vertically averaged velocities are 
computed in the external mode, with the water surface elevations then employed 
in the computation of the horizontal pressure gradient in the internal mode. Terms 
such as the vertically averaged advection in the external mode are computed by 
summing up the 3-D computations over the water column. The 3-D velocities, 
salinity, and temperature are computed in the internal mode. The 3-D velocities 
are adjusted to ensure that water flux over the water column is consistent between 
the external and internal modes. The computational scheme is such that the speed 
of a free-surface gravity wave is removed from the stability criteria controlling the 
size of the computational time step. However, other criteria remain (e.g., the 
advective speed of the water). Model details can be found in Sheng ( 1986); 
Johnson et al. (1991, 1993); Johnson et al. (in preparation); and Kim and Johnson 
(l 998). 
A-1: Numerical Grid 
The numerical grid for the Chesapeake Bay hydrodynamic and water quality models is 
shown in Figure 3. As can be seen, the modeled domain includes a portion of the Atlantic 
Ocean out to depths of about 100 ft (30.49 m). The extension of the grid onto the 
continental shelf moves water quality boundary conditions away from the bay mouth and 
allows for a better computation of the exchange of flow between the bay and the shelf. 
There are 2, 129 computational cells in the horizontal plane of the numerical grid with cell 
lengths varying from about 1 km (in tributaries) to 5 km ( over continental shelf). In the 
vertical direction there is a maximum of 20 layers with each layer being 5 ft (1.52 m) 
thick, except for the top layer, which varies with the tide. Thus, the total number of 
computational cells is 10,657. With the numerical algorithm employed in CH3D, a 1-year 
simulation with a time step of 5 minutes requires about 15 hours on a Dec-Alpha 500-
MHz work station. 
A-2: Boundary Conditions 
Many data are required to simulate numerically the 3-D hydrodynamics of water bodies 
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Figure 3: A plane view of Chesapeake Bay model grid 
7 
100 
such as Chesapeake Bay. These include water surface elevations, salinity, and 
temperature on the open ocean portion of the numerical grid. The water surface 
elevations were computed for the period of 1985-88 from a vertically averaged global 
model ADCIRC of the Caribbean, Gulf of Mexico, and Eastern Coast of the United 
States. (Westerink et al. , 1992). Near-surface and near-bottom salinity and temperature 
data were specified on the open ocean grid using monthly climatological data taken from 
Lavitus (1982) and from the Field Research Facility at Duck, NC. Near-bottom values at 
location B were also taken from Lavitus (1982). 
In addition to the open-ocean boundary conditions, freshwater inflows at the 
fall line or head of tide are specified for each of the Chesapeake Bay tributaries. 
These include from the Susquehanna River, Patuxent, Potomac, Rappahonnock, York, 
James and Choptank Rivers. The tributary fall line flows are daily-averaged 
discharges published by the U.S. Geological Survey. Freshwater inflows below 
the fall line were taken from the CBP watershed model (Donigian et al., 1994; 
Linker, I 996). These were distributed over the computational cells that border land 
along the tributaries as well as the Bay proper. 
The remaining boundary condition data are the wind and surface heat exchange at the bay 
surface. Hourly values of wind data were taken from the Norfolk Airport (NF A), the 
Patuxent Naval Station (PAS), and the Baltimore-Washington International Airport 
(BWI). Values for the components of the wind velocity specified at each grid point were 
determined by interpolating between the three sets of wind data. Daily-averaged surface 
heat exchange coefficients and equilibrium temperatures for input to the hydrodynamic 
model were computed using meteorological data collected at the Patuxent Naval Station. 
These values were assumed to be constant over the entire Bay. 
One additional note concerning model boundary conditions relates to how the 
Chesapeake and Delaware Canal (C&D Canal) is treated in the model. Based on 
information provided by Dr. William Boicourt of the University of Maryland 
(personal communication), a long-term average flow of 750 cfs (21.24 m3/ s) was 
specified at the eastern end of the C&D Canal. The direction of the flow was from 
the Chesapeake Bay toward the Delaware Bay. Thus, the C&D Canal was treated 
as a river boundary with a constant outflow. In reality, time-varying flows in 
excess of 100,000 cfs (2831.6 m3 /s) can occur through the canal. Normally the 
flow reverses direction every 6 hours or so as the tide changes. However, during 
episodic events related to large setups and setdowns in the surface waters of the 
two bays, large flows can continue in the same direction for 2-3 days. Thus, the 
treatment of the C&D Canal as a river with a constant outflow in the 3-D Chesapeake 
Bay hydrodynamic model is a simplification. 
B. Water Quality Model ICM (Integrated Compartment Model) 
The three-dimensional time-variable Water quality Integrated Compartment 
Model (CE-QUAL-ICM) (Cereo and Cole, 1994) concurrently developed under an 
initiative from EPA and Army Corps of Engineers was employed in the present study. 
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The foundation of CE-QUAL-ICM is the solution to the three-dimensional mass-
conservation equation for a control volume. The model solves the mass-balance equation 
for each state variable in each model cell. In the water column, the present model has 
twenty-two model state variables (Table 3, see appendix D), which constitute five 
interacting systems: i.e., phytoplankton dynamics, nitrogen cycle, phosphorus cycle, 
silicate cycle, and oxygen dynamics. The bio-geochemical cycles simulated include water 
column eutrophication and benthic sediment processes. A detailed description of the 
water column eutrophication model can be found in Cereo and Cole (1994). 
The sediment flux model was originally developed by DiToro and Fitzpatrick (1993) and 
coupled with CE-QUAL-ICM for Chesapeake Bay water quality modeling. The 
sediments in this model are represented by two layers: the upper aerobic layer (Layer 1) 
and the lower anoxic layer (Layer 2). The sediment process model is coupled with the 
water column eutrophication model through depositional and sediment fluxes. Firstly, 
the sediment model is driven by net settling of particulate organic matter from the 
overlying water column to the sediments (depositional flux). Then, the mineralization of 
particulate organic matter in the lower anoxic sediment layer produces soluble 
intermediates, which are quantified as diagenesis fluxes. The intermediates react in the 
upper oxic and lower anoxic layers, and portions are returned to the overlying water 
column as sediment fluxes. Computation of sediment fluxes requires mass-balance 
equations for ammonium, nitrate, phosphate, sulfide/methane, and available silica. Mass-
balance equations are solved for these variables for both the upper and lower layers. The 
model state variables and the resulting fluxes in this sediment flux model are listed in 
Table 4, Appendix D. Complete model documentation of the sediment flux model can be 
found in DiToro and Fitzpatrick (1993). 
B-1 : Model Kinetics 
The central issues in the eutrophication model are computation of dissolved 
oxygen and algal biomass. Dissolved oxygen is considered as an indicator of the health 
of estuarine system and also is necessary to support the life functions of higher 
organisms. Phytoplankton productivity provides the major source of food energy for 
most of the marine ecosystem through its primary production of carbon. Excessive 
primary production, however, is detrimental since its decomposition in the water and 
sediments consumes oxygen and hence degrades the water quality of the living condition. 
B-1-1: Dissolved Oxygen Process 
Effects of algae on dissolved oxygen 
Algae produce oxygen during photosynthesis and consume oxygen through respiration. 
The quantity of oxygen produced during photosynthesis depends on the form of nitrogen 
taken up. For example, when NH4 is the nitrogen source, one mole of oxygen is 
produced per mole carbon dioxide fixed. When N03 is the nitrogen source, 1.3 moles 
oxygen are produced per mole carbon dioxide fixed. More oxygen is produced (per unit 
of carbon fixed) when N03 is the algal nitrogen source than when ammonia (NH4) is the 
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source. The equation that describes the effect of algae photosynthesis on DO in the 
model is: 
O~O = I ( (1.3 - 0.3PNJ Px )AOCR · Bx 
X 
PNx = algal group x preference for ammonium uptake 
Px = production rate of algae group x (dai1) 
AOCR = DO-to-carbon ratio in respiration (2.67 g 02 per g C) 
Bx= algal biomass (g C m-3) 
(IV-I) 
As employed here, basal metabolism is the sum of all internal processes that decrease 
algal biomass. A portion of the metaboli sm is respiration and may be viewed as reversal 
of production. In respiration, carbon and nutrients are returned to the environment 
accompanied by the consumption of DO. Respiration cannot proceed in the absence of 
DO. Basal metabolism cannot decrease in proportion to oxygen availability. Formulation 
of this process is described as: 
oDO = L ( 
Ot X 
DO BM ) AOCR · Bx 
KHR X +DO X 
KHRx = half-saturation constant of DO for algal DOC exudation (g 02 m-3) 
BMx, = basal metabolism rates for algae group x (dai 1) 
Effects of nitrification on dissolved oxygen 
(IV-2) 
Nitrification is a process mediated by specialized groups of autotrophic bacteria that 
obtain energy through the oxidation of ammonia to nitrite and oxidation of nitrite to 
nitrate. A simplified expression for complete nitrification is: 
The equation indicates that two moles of oxygen are required to nitrify one mole 
of ammonia into nitrate. The simplified equation is not strictly true, however. Cell 
synthesis by nitrifying bacteria is accomplished by the fixation of carbon dioxide 
so that less than two moles of oxygen are consumed per mole ammonium 
utilized (Wezernak and Gannon, 1968). In this study, nitrification is modeled as a 
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(IV-3) 
- ----- -
function of available ammonium, dissolved oxygen, and temperature: 
NT DO NH4 f(T) · NTM 
KHONT + DO KHNNT + NH4 
Where: 
NT= nitrification rate (gm N m-3 daf1) 
NTM = maximum nitrification rate at optimal temperature (gm N m-3 da/) 
KHONT = half-saturation constant of DO required for nitrification (gm DO m-3) 
KHNNT = half-saturation constant ofNH4 required for nitrification (gm N m-3) 
Therefore, the effect of nitrification on DO is described as follow: 
oDO =-AONT·NT 
ot 
Where: 
AONT = mass DO consumed per mass ammonia nitrified (4.33 gm DO gm- 1 N) 
Effects of surface reaeration on dissolved oxygen 
Reaeration occurs only in the model cells that form the air-water interface. 
The effect of reaeration is: 
KR= reaeration coefficient (m day - I) 
/J.zs = model layer thickness (m) 
DOs = dissolved oxygen saturation concentration (gm DO m-3) 
Saturation dissolved oxygen concentration DOs is computed (Genet et al. , 1974): 
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(IV-4) 
(IV-5) 
(IV-6) 
DOS = 14.5532 - 0.38217 T + 0.0054258 T 2 
- S (0.1665 - 5.866 10-3 T + 9.796 10-5 T2 ) 
1.80655 
(IV-7) 
Where: 
S = salinity (ppt). 
Effects of chemical oxygen demand on dissolved oxygen 
In the present model, chemical oxygen demand represents the reduced materials that can 
be oxidized through inorganic means. The source of chemical oxygen demand is sulfide 
in saline water and methane in fresh water released from benthic sediment process model. 
The released chemical oxygen demand is oxidized upon contact with dissolved oxygen in 
the water column. The kinetic equation showing the effect of chemical oxygen demand 
(bottom cells only) is: 
800 
ot = 
Where: 
DO 
------Kcoo · COD 
KHOcoo + DO 
COD = chemical oxygen demand concentrations (g 0 2-equivalents m-3) 
KHOcoo = half-saturation constant of DO for oxidation of COD (g 0 2 m-3) 
Kcoo = oxidation rate of COD (day-1) 
BF coo = sediment flux of COD (g 0 2-equivalents m-2 daf1). 
Kcoo = Keo · exp(KTcoo [T - TR coo J) 
Where: 
Keo = oxidation rate of COD at reference temperature TRcoo (day-1) 
KT coo = effect of temperature on oxidation of COD (°C1) 
TRcoo = reference temperature for oxidation of COD (°C). 
(IV-8) 
(IV-9) 
Overall , the internal sources and sinks of dissolved oxygen include algal photosynthesis 
and respiration, atmospheric reaeration (surface cells only), heterotrophic respiration, 
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nitrification, and oxidation of COD. The complete kinetic equation showing sediment 
oxygen demand (bottom cells only) is: 
oDO '°'( _ DO BMxJAOCR · Bx 
- = L. (1.3 - 0.3 · PN JPx 
ot X KHRX +Do , 
+ 11, 1 KR (D0 5 - DO) - DO AOCR · K 00c · DOC D.z5 KH0 00c + DO 
(IV-10) 
DO SOD 
- AONT·NIT - ------ Kc00 ·COD + A2--KH0coo + DO D.z 
B-1-2: Model Phytoplankton Kinetics 
The water quality model in the Chesapeake Bay employed three functional groups for 
algae: cyanobacteria, diatoms, and greens. The cyanobacteria (blue-green algae) in the 
original model were to represent the bloom-forming species found in the tidal, freshwater 
Potomac River. The present modeling domain does not include the Potomac River. 
Dinoflagellates instead are considered as a group to represent the bloom observed in the 
Patapsco River and north of the Bay Bridge in summer (Tyler and Seliger, 1978). They 
are characterized by high optimum temperature for growth. As in Release 1, diatoms are 
used to represent the spring bloom species characterized by their requirement of silica as 
a nutrient and by high settling velocity. Green algae include all algae that do not fall into 
the preceding two groups and are subject to relatively high grazing pressure. In the 
fo llowing equations, the subscript, x, is used to denote three algal groups: f for 
dinoflagellates, d for diatoms, and g for greens. The internal sources and sinks included 
are production (growth), basal metabolism (respiration and exudation), predation, and 
settling. The kinetic equations for algae are: 
oBX = (P - Bl'vf,. - P~) B - ws oBX 
ot X X X OZ (IV-11) 
Where: 
Bx= algal biomass (g C m-3) 
Px, BMx, PRx = production, basal metabolism and predation rates of algae, respectively 
(day-1) 
WSx = algal settling velocity (m day-1). 
(A). Growth (Production) 
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Algal growth depends on nutrient availability, ambient light, and temperature. The effects 
of these processes are considered to be multiplicative as follow: 
PX = PM X . f(N) . f(I) . f(T) (IV-12) 
Where: 
PMx = maximum production rate under optimum conditions (daf1) 
f(N), f(I), f(T) = effect of sub-optimal nutrient, light intensity, and temperature, 
respectively. 
Effect of nutrient on growth 
f, . . . { NH4 + N03 P04d SAd } = m1mmmm (N) KHN x + NH4 + N03 ' KHPX + P04d ' KHSd + SAd 
(IV-13) 
Where: 
NH4, N03 = ammonium and nitrate nitrogen concentrations, respectively (g N m-3) 
P04d = dissolved phosphate concentration (g P m-3) 
SAd = dissolved silica concentration (g Si m-3) 
KHNx = half-saturation constant for algal nitrogen uptake (g N m-3) 
KHPx = half-saturation constant for algal phosphorus uptake (g P m-3) 
KHSd = half-saturation constant for silica uptake by diatoms (g Si m-3) 
Effects of light on growth 
f(I) = I ln(IH x + ITor J 
KESS·/1z IH x + 180T 
With 
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(IV-14) 
I I -KESS·Z,. TOP = SFC e 
I _ I -KESS (Z,. + /'J.z) BOT - SFC e 
I TOTAL n: . ( to -tu) 
= -sm n:-=--=-
FD 2 FD 
KESS = KE 8 + KECHL · L Bx + KETSS · TSS X CCHLX 
Where: 
KESS= light extinction coefficient (m- 1) 
ZT = distance from surface to the top of model layer (m) 
IHx = half-saturation light intensity for algal growth (langleys daf1) 
(IV-15) 
(IV-16) 
(IV-17) 
(IV-18) 
h oP, lsOT = light intensities at the top and bottom of model layer, respectively (langleys 
daf1) 
lsFc = light intensity at surface at time t (langley daf1) 
hoTAL = total daily light intensity at surface (langley daf 1) 
FD = fractional daylength 
to = time of day (in fractional days) 
tu = time of sumise (in fractional days) 
KE8 = background light extinction coefficient (m- 1) 
KEcHL = light extinction coefficient for chlorophyll a (m·1 per mg CHL m-3) 
CCHLx = carbon-to-chlorophyll ratio in algae (g C per g CHL) 
KErss = light extinction coefficient due to TSS (m-1 per g m-3) 
The effect of light on algal growth in Release 1 was simulated using the Steele function, 
which always results in photo-inhibition at the surface under high light intensity. To 
relieve photo-inhibition, a Monod-type function with half-saturation light intensity is 
used in the present model (IV-14). Now that the present model has the total suspended 
solids state variable, the light extinction coefficient is expressed to consist of three terms: 
background extinction, algal self-shading, and extinction due to total suspended solids 
(IV-18). 
15 
Effect of temperature on growth 
f(T) = exp(- KTG Ix [T - TM x J2) when T 5 TMx 
= exp(- KTG2x [TM x - T]2) when T > TM x 
Where: 
TMx = optimal temperature for algal growth (°C) 
KTG Ix= effect of temperature below TMx on algal growth (°C2) 
KTG2x = effect of temperature above TMx on algal growth (°C2). 
(B). Basal Metabolism 
(IV-I9) 
Basal metabolism is commonly considered to be an exponentially increasing function of 
temperature: 
BM x = BMR x · exp(KTBx [T - TR J) 
Where: 
BMRx = metabolic rate at reference temperature TRx (day - 1) 
KTBx = effect of temperature on metabolism (C 0 - 1) 
TRx = reference temperature for metabolism (C 0 ) 
(C). Predation 
(IV-20) 
The predation formulation is identical to basal metabolism. The difference in predation 
and basal metabolism lies in the distribution of the end products of these processes. 
PRx =BPRx exp (KTBx (T- TRx)) 
where 
BPRx = predation rate at TRx (day - I) 
KTBx = effect of temperature on predation (C 0 - 1) 
TRx = reference temperature for predation (C 0 ) 
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(IV-21) 
(D). Settling Velocity 
Species comprising the algal population of the Bay vary according to season and location. 
In late winter and early spring, diatom population in the Bay and lower tributaries is 
characterized by large species of diatom with high settling velocities. In late spring and 
summer, large species are replaced by populations of smaller individuals with lower 
settling velocities. Reported algal settling rates typically range from 0.1 to 5 m d- 1 
(Bienfang et al., 1982; Riebesell, 1989; Waite et al. , 1992). In part, this variation is a 
function of physical factors related to algal size, shape, and density (Hutchinson, 1967). 
The variability also reflects regulation of algal buoyancy as a function of nutritional 
status (Bienfang et al., 1982; Richardson and Cullen, 1995) and light (Waite et al., 1992). 
The algal settling rate employed in the model represents the total effect of all 
physiological and behavioral processes that result in the downward transport of 
phytoplankton. The settling rate values employed, from 0.1 m d-1 to 0.9 m d-1, were used 
in the model to optimize agreement of predicted and observed algae. 
B-2: Input Parameters 
The water quality model incorporated 138 parameter inputs and the sediment model 
required 99 parameter inputs. The values of the kinetic parameters found from the water 
quality model (Cereo and Cole, 1994) and sediment flux model (DiToro and Fitzpatrick, 
1993) applied to the Chesapeake Bay serve as a starting point for the present model 
application. Some of the water column and sediment parameters are adjusted in the 
present application within the feasible range, which was determined by 
observation/experiments, or employed in similar models. Values of the water column 
parameters employed in the present study are listed in Tables 5 -10, Appendix D. They 
are related to algae, organic carbon, nitrogen, phosphorus, silica, chemical oxygen 
demand, and dissolved oxygen, respectively. Values for the sediment flux model 
parameters are listed in Table 11, Appendix D. 
B-3 . Linkage Between Hydrodynamic and Water Quality Models 
The hydrodynamic model CH3D is externally linked with the water column 
eutrophication CE-QUAL-ICM model. Physical transport processes computed by the 
hydrodynamic model are processed and stored in binary files, which are subsequently 
used by the water quality model to compute advective and turbulent diffusive transport 
terms. Of the stored information, time-invariant geometric information includes the 
surface areas, the horizontal box dimensions in both directions, the cross-sectional areas 
of all flow faces and the box volumes beneath the surface layer. Time-varying 
information includes the cross-sectional areas of flow faces in the surface layer, 
diffusivities through all vertical flow faces, horizontal and vertical flow rates through all 
flow faces, and external volume inflows. In the present model application, two-hour 
averages of time-varying parameters are processed and transferred to the water quality 
model. The validity of the linkage is demonstrated by comparing the salinities computed 
by the hydrodynamic model with those by the water quality model. A detailed 
description of the theory can be found in Dortch (1990) and Dortch et al. (1992). 
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IV. Calibration of hydrodynamic and water quality models for the existing 
condition in the Chesapeake Bay 
A. Hydrodynamic Model Calibration 
In the calibration of the 3-D Chesapeake Bay hydrodynamic model, it was considered 
crucial to demonstrate the ability of the model to reproduce the hydrodynamics produced 
by processes occurring over a wide range of temporal scales, e.g., the tidal time scale to 
seasonal periods. Thus, the following model results were compared with observed data 
(figures presented in the Appendix B): 
• Tides/water surface elevations. 
• Intratidal velocity. 
• Intratidal variation of salinity and temperature. 
• Wind mixing. 
• Neap-spring stratification. 
• Flux through the bay mouth. 
• Residual currents. 
• Impact of spring runoff on salinity. 
• Seasonally averaged salinity transects and vertical profiles. 
Tides/water surface elevations 
Figures B-1 - 82 show a comparison of computed propagation times for both low and 
highwater, along with the mean tide range, up the York River with data extracted from 
National Oceanic and Atmospheric Administration (NOAA) tide tables. As can be 
seen, model results compare extremely well with the tables. Phasing differences 
on the order of a few minutes and differences in the mean tide range of 
5-10 cm are computed. Figure B-3 shows a comparison of the computed and 
observed water surface elevations at Fort Eustis on the James River at a distance 
of 40 km above the mouth of the James. It can be seen that the spring 
neap tidal cycle, as well as the impact of meteorological forcing that results in 
setups and setdowns of the water surface, are reproduced well by the model. 
Intratidal velocity 
Velocity data were collected by the Virginia Institute of Marine Sciences 
during 27 May -18 June 1985 on the James River at Fort Eustis and during 
20 October - 20 November 1986 at a location about 20 km above the mouth of 
the York River. Figure B-4 illustrates the comparison of the computed 
and observed components along the estuary of the tidal velocity at Fort Eustis. A 
similar comparison is given in Figure B-5 for the York River. The phasing of the 
tidal velocities is reproduced well at both locations with magnitudes generally 
computed to within approximately I 0-15 percent of the observed values. 
lntratidal salinities and temperatures 
Both salinity and water temperature were measured during 1986 at the York 
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River station. Results presented in Figure B-6 show that during this period both the 
computed and observed salinity ranged from about 22-24 ppt with the normal tidal 
fluctuation being about 1 ppt. As can be seen in Figure B-7, computed temperatures also 
agree with the observed data. This is to be expected if the surface heat exchange data are 
accurate since water temperature is primarily a function of the surface heat exchange. 
Note that there is much more fluctuation in the observed data than in the model results. 
However, the surface heat exchange data input to the model are daily-averaged values. 
Thus, one would expect to see more fluctuation in the observed temperature than in the 
computed. 
Wind mixing 
Wind forcing accounts for much of the energy in Chesapeake Bay. Mixing of 
the surface waters into the water column occurs often and is an important process 
that must be captured in the hydrodynamics provided to the water quality model 
of Chesapeake Bay. NOAA collected data at several stations in September 1983 
that captured such a mixing event. As can be seen in Figure B-8, a wind event that 
occurred around the 20th of the month resulted in the near-surface and near-bottom 
salinity at the mid-bay station CCA (see Appendix A), off the mouth of the 
Patuxent River becoming almost uniform. It is likely that the temperature inversion 
that occurred a few days earlier aided the mixing process. Figure B-9 shows 
results from the numerical model. It can be seen that the mixing event is captured 
well. 
Neap-spring stratification 
It has been observed that a neap-spring stratification pattern develops within the 
tributaries of Chesapeake Bay. During more energetic spring tides, greater turbulence 
is created, resulting in more mixing in the water column and less stratification. 
Figure B-10 shows plots of the vertical structure of the salinity along the York 
River during both a neap and a spring tide. Note that, during the spring tide, the 
water column is indeed less stratified due to increased mixing. 
Flux through the bay mouth 
No data existed on the magnitude of the water flux through the bay mouth 
during the simulation periods of the model, namely, September 1983 and 1985-
94. However, Boicourt (1973) presents values for the net flux into and out of the 
bay mouth averaged over July and November 1971. The net flux (m3 /s) in and out 
of the bay mouth computed for July and November 1988 is compared with 
Boicourt' s data in the following tabulation: 
Data Flux in \ Flux out 
July 
Boicourt 6,100 I 8,400 
Computed 6,400 I s ,3oo 
November 
Boicourt 5,800 I 6,800 
Computed 7,100 17,900 
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Obviously, since the observed data were not collected during the simulation period, an 
exact comparison cannot be made. However, since meteorological conditions are 
generally similar for the same month during different years, this comparison tends to 
increase confidence in the ability of the Chesapeake Bay hydrodynamic model to 
compute the proper exchange between the Bay and the ocean. 
Residual currents 
Chesapeake Bay is classified as a partially stratified estuary. Thus, if the flow 
velocity is averaged over a few days, the surface velocity is directed toward the 
ocean with the bottom waters moving up-estuary. This phenomena is referred 
to as gravitational circulation and occurs because of the baroclinic contribution 
to the horizontal pressure gradient. It is important that a hydrodynamic model 
being used to provide transport to a water quality model reproduce the residual 
circulation of an estuary since these currents reflect the net transport experienced 
by the water quality variables. Figure B-11 was generated by Dr. Alan Blumberg of 
HydroQual, Inc. , in Mahwah, NJ. Data on water currents collected by NOAA at several 
locations from 1977-83 were used to generate the near-surface and near-bottom residual 
velocity vectors shown. Only data records at least 15 days in length were used. From 
Figure 21, it can be seen that the maximum residual velocities are on the order of 
l O cm/s for both near-surface and near-bottom flow. Figure B-12 (a) contains similar 
plots of the computed residual currents. Figures B12 (a) and (b) provide a qualitative 
assessment of the ability of the model to reproduce the residual transport in 
Chesapeake Bay. Actual values ofresidual currents in cm/s computed from the 
observed data were compared with model results from 1985 at several locations 
shown in Appendix A. These are given in the following tabulation: 
Station Surface Bottom 
Data Model Data Model 
Bay mouth 
-10.7 -10.1 8.2 6.1 
Eastern shore 
-8.5 -7.6 5.3 4.1 
Potomac mouth 
-8.5 -8.0 3.2 4.5 
Patuxent mouth 
-9.2 -7.8 5.1 2.6 
Although this tabulation does not constitute a direct comparison between 
observed data and model results, these results imply that the 3-D Chesapeake Bay 
hydrodynamic model does compute the proper residual transport in Chesapeake 
Bay. Further confirmation of this is provided in Figure B-13 , which shows low-pass 
model results compared with data collected by Boicourt in September 1996 at 
Station CB5. l shown in Appendix A. It can be seen that there is excellent comparison 
between the data and computed results for both the near-surface and near-bottom 
velocities. 
Impact of spring runoff on salinity 
As illustrated in Figure B-14 (top panel), during the spring of 1993, flows from the 
Susquehanna River reached almost 500,000 cfs. This runoff event is one of the top ten 
flows ever recorded from the Susquehanna River. With such a large freshwater flow 
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event, one would expect that much of the upper Chesapeake Bay would become almost 
fresh. Figures B-14 ( a) and (b) shows a comparison of computed and recorded salinity at 
CB3.3C, near the Bay Bridge at Annapolis, MD. It can be seen that surface waters in the 
entire upper Bay were indeed virtually fresh. Bottom salinities are also reproduced well 
except for one data point. It may be that this data point was collected in a deep hole not 
represented within the schematization 
Seasonal salinity transects and vertical profiles 
Long-term salinity patterns in the Chesapeake Bay are determined primarily by 
freshwater inflows into the bay, which generally have a seasonal variation. For example, 
summer months tend to be dry, resulting in more salt intrusion up the bay, whereas spring 
months tend to be wetter, resulting in the salt being pushed down the bay. During large 
spring freshwater flows, stratification of the water column is greater. Since changes in 
water quality tend to occur over seasonal time scales, it is important that the 3-D 
Chesapeake Bay hydrodynamic model compute seasonally averaged salinities well. 
Figures B-15 and B-16 are near-surface and near bottom transects, respectively, of 
salinity along the deep channel in the bay averaged over the spring and summer seasons 
for 1985-88. Note that although the absolute values of the computed salinities can differ 
by 2-3 ppt at some locations, the computed stratification generally agrees with the 
observed data. All of these results demonstrate that the second-generation 3-D 
Chesapeake Bay hydrodynamic model is a good representation of the bay. It has been 
shown that the model accurately computes bay hydrodynamics resulting from processes 
that occur over a wide range of temporal scales. 
B. Water Quality Model Calibration 
Given the model framework, the specified initial condition and boundary condition, the 
next task is to calibrate the model using the measurement data. Our initial calibration 
adopted the default parameters for the Chesapeake Bay (Cereo and Cole, 1994). Model 
simulations encompassed the period 1989-1994. The 6-year simulation was continuous, 
employing 15-minute time-steps. Intratidal hydrodynamics for each of the 6 years were 
provided by the CH3D-WES hydrodynamic model (Johnson et al. 1993) operating on the 
10196-cell grid. Loads from the watershed were provided on a daily basis by a current 
version of the U.S. Environmental Protection Agency Chesapeake Bay Watershed Model 
(Donigian et al. 1991 ). Point-source loads were specified monthly based on reports from 
state agencies. Atmospheric loads to the water surface were derived from observations 
and specified on a daily basis. 
The period for the model calibration is from January 1989 to 1992 for all state variables. 
The data used are from the EPA CBP Monitoring Data over the entire modeling period. 
Time-series plots are used to compare weekly means of model results with the 
observations at surface and bottom data. Comparisons are made for the following state 
variables: salinity (S), temperature (T), total suspended solids (TSS), chlorophyll (CHL), 
dissolved oxygen (DO), total organic carbon (TOC), particulate carbon (PC), dissolved 
organic carbon (DOC), total nitrogen (TN), particulate nitrogen (PN), total dissolved 
nitrogen (TDN), ammonia (NH4) , nitrate+nitrite (N03), total phosphorus (TP), particulate 
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phosphorus (PP), total dissolved phosphorus (TDP), dissolved phosphate (P04d) and 
available silica (SA). All the 17 stations listed in Appendix A are included for the model 
and data comparison. 
The first comparison was made for salinity. This is a crucial physical parameter that was 
simulated by the hydrodynamic model and regenerated in the water quality model. The 
excellent salinity comparisons verified that transport in the hydrodynamic model was 
accurately replicated in the water-quality model. Algae require nutrients to grow. An 
accurate comparison of nutrients is intimately related to its prediction for phytoplankton 
and dissolved oxygen concentration. The model includes several nutrient species. 
Among them, phosphorus and nitrogen are particularly important due to the possibility of 
either becoming a limiting nutrient. In general, during the spring, the inorganic nitrogen 
remains abundant due to continued spring runoff, but inorganic phosphorus is nearly 
depleted. The model predicts well the trend that inorganic phosphorus approaches a 
minimum during the spring season. During summer, nitrate, ammonia, and inorganic 
phosphorus were removed from the surface layer by the algal uptake but were abundant 
in the subsurface, due to the sediment release. In a broad area, the model predicted 
concentrations of total nitrogen, ammonia, nitrate, and phosphate were accurate (see 
Figures. C-1 through C-3, Appendix C). 
As with spring, observed surface ammonium exhibits a peak in the turbid reaches of the 
upper bay and descends to trace concentrations elsewhere. Nitrate again shows enormous 
variation between the Susquehanna River and the mouth of the bay. In contrast to spring, 
however, the supply of nitrate from the Susquehanna is depleted in the lower two thirds 
of the bay. During spring, nitrate was detectable almost to the mouth of the bay. The 
magnitude and trends of both inorganic nitrogen forms are reproduced in the model. 
During summer, observed phosphate exhibits peak values at the mouth of the bay and in 
turbid waters of the upper bay. In the central portion of the bay, phosphate is at or below 
detection levels. The model reproduces the higher concentrations near the bay mouth and 
the depletion in the central portion of the bay but shows no tendency to increase in the 
upper bay. 
Light is another important factor for algal growth. Algal production increases as a 
function of light intensity until an optimal intensity is reached. Light attenuation in the 
water column is composed of three fractions: a background value dependent on water 
color, extinction due to TSS, and algal self-shading. The total light attenuation 
coefficients predicted by the model are generally reasonable. The nature and degree of 
nutrient limitations in the main stem bay vary with season and location. One prime 
determinant is runoff from the Susquehanna River. River runoff is highly enriched with 
nitrogen relative to algal requirements.Consequently, in spring, when runoff is high, 
phosphorus and silica tend to be more limiting than nitrogen. During 
summer, when runoff is low and oceanic water intrudes up the bay, and when 
internal nutrient recycling provides a substantial portion of algal nutrient requirements, 
nitrogen is the most limiting nutrient. 
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Median observed surface chlorophyll concentrations during summer (Figure C-1, 
Appendix C) were in the 5- to 10-mg m-3 range, similar to spring. The primary 
difference from spring is the absence of chlorophyll in bottom waters, except in the 
shallowest region near the head of tide. The magnitude of surface chlorophyll 
concentration and the absence of chlorophyll in bottom waters are well represented in the 
model. 
Based on the nutrient and light predicted above, plus the temperature effect, the model 
was able to catch the general trend of seasonal variation of chlorophyll in the surface and 
the bottom in the Upper Bay. However, the spiky change of bottom chlorophyll was not 
captured well. As for the DO comparison, the model accurately represented the 
recurrence of summer bottom water anoxia. Minimum dissolved oxygen and the starting 
and ending time of hypoxia were well predicted. The pattern of the surface DO was also 
represented very well, as shown in Fig. C-4, Appendix C. 
Overall, the model provides a realistic representation of eutrophication processes in the 
entire Bay region. The accomplishments of the present study should not be 
underestimated. Half decade-long, continuous, system-wide simulations were performed 
on a routine basis. The simulations of eutrophication processes were coupled to detailed, 
three-dimensional hydrodynamics computed at 5-minute intervals. Loads from a 
166,000-km2 watersheds were routed to the headwaters and shores of the bay. Over 
106 observations were processed for comparison with the model. The comparisons 
indicates largely excellent agreement between computed chlorophyll, nutrients, and 
other substances. Additional details of the broader simulation results reader is referred to 
Cereo, Johnson, and Wang (2002). 
V. Hydrodynamic and Water Quality Modeling Simulation with Rappahannock 
Shoal Channel Closed 
Rappahannock Shoal Channel (RSC) is a man-made dredged channel, which not only is 
used as a ship channel, but also serves as a conduit for salt transport from the lower Bay 
into the middle and upper Bay. Since the stratification affects the degree of 
hypoxia/anoxia, we pose the following questions: 
a. Can the man-made dredged channel act as a topographic control to the summer 
stratification and thus contribute to hypoxia/anoxia formation in the middle portion of the 
Chesapeake Bay? 
b. If the Rappahannock Shoal Channel is closed (without a ship channel), how much will 
bottom oxygen concentration be changed? 
The effort was divided into three parts: 
(1) Modification of the bathymetry in the numerical model grid 
(2) Re-run the hydrodynamic and water quality model for the period from 1989 through 
1994 (3) Assess impact of Rappahannock Shoal Channel alternation on salinity and 
oxygen distribution. 
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V-1: Modification of the bathymetry in the numerical model grid 
The Rappahannock Shoal channel is located outside the mouth of Rappahannock River 
where the Rappahannock Shoal meets two deep channels. The deep channel from the 
north stretches southward from Annapolis is a paleo-channel for the old Susquehanna 
River that ran through this area in the last Ice Age. The other deep channel is an 
extension of the channel from the Bay mouth stretching toward Pocomoke Sound. 
At the junction, the narrow dredged channel RSC was created by Army Corps of 
Engineers in order to maintain the navigation route through the shallow shoal region in-
between the two deep basins. At the shoal, the two streams must constrict through a 
narrow slot or sluice gate. This creates a potential of hydraulic control. The dredged 
channel can act like a sluice gate in the middle of the Bay that regulates the flow of 
incoming cold and salty ocean water on top of outgoing river water, light and warm and 
fresh, slides south along the interface. In order to test the hydrodynamic response to the 
potential topographic control, our strategy is to alter RSC's bathymetry in the model grid 
and conduct before-and-after numerical model comparison test. 
The orientation of the Rappahonnock Shoal Channel (RSC) is from the southeast to the 
northwest. Mapping onto the model grid, it is represented by six grid cells marked in 
blue, as shown in Figure 4, imbedded in the Chesapeake Bay model plane grid. The 
existing channel bathymetry for the RSC, represented by the blue grid cells, are 45 feet 
and will be modified to the ambient depth of 30 feet. This essentially removes the 
Rapahannock Shoal Channel as a trail that opens through the ridge between the two main 
deep channels in the Bay. Using this new configuration, the hydrodynamic and water 
quality models will be re-run; the results from before and after the RSC alternation will 
be compared and the impact could be assessed. Although the change in terms of the 
number of grid cells is not great, it still needs to undergo the entire linking process for the 
water quality model set up since the internal index system of the water quality model 
cells is completely different from the hydrodynamic model. 
V- 2: Re-run the hydrodynamic and water quality models 
Dynamically, strong flows of south-running river water can pile up at the northern edge 
of the Shoal, creating a tight constriction for incoming ocean water. The narrow channel 
is like an internal valve that can slow down the flow of salty water from the lower Bay 
into the upper Bay. In scenarios such as spring runoff, wind storms, or tropical storms, 
the strong flows of outgoing river water that rush down the mainstem can potentially 
overwhelm ocean water at the shoal and push down on the pycnocline. The result is 
similar to turning off a valve. The valve can be turned on after the pressure gradient from 
the downstream overcomes the internal friction. Wind patterns can also play a role in 
moving surface water away from the sill, lifting the pycnocline, releasing all that backed-
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CB7.1S 
Figure 4: Chesapeake Bay model grid with Rappahannock Shoal 
Channel cells marked (by blue) 
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up bottom water, unleashing unseen waterfalls well below the surface of the Bay. In this 
way, ocean water will come over the sill and down into the Deep Trench. 
Foreseeable that topographic control can be act differently under different environmental 
conditions, a period of 6 years from 1989 - 1994 was chosen to simulate the long-term 
response of hydrodynamic and water quality to the change made to the Rappahannock 
River Channel. Figures 5 and 6 shows model simulated surface and bottom salinity time 
series at CB6.l and CB7.1S, respectively. These are two stations located at the western 
and eastern ends of the RSC, respectively. The 6-years simulation covered dry years 
such as 1991 and 1992, and wet years such as 1993 and 1994. The model performance 
for the entire period showed correlation coefficient of 0.9 for the surface salinity and 0. 75 
for the bottom salinity when compared to the observation data. 
Model predictions and observations at another 28 stations, where long-term monitoring 
stations data are available, were also compared. Similar agreement in salinity was 
obtained, as shown in Table I. This demonstrated that, in terms of temporal variations, 
the numerical model performed extremely well. 
The other comparison made was on the spatial distribution of the surface and bottom 
salinity. This is important because the gravitational circulations that are prevalent in the 
estuaries are characterized by how far the salt intrusion can reach. Because of its length, 
the salt intrusion in the Chesapeake Bay can reach as far as 300 km or more. Figure 7 
shows the surface and bottom salinity averaged over summer (June-August) and fall 
(September- November) for the period from 1989 through 1994. The top panel 
represents the existing condition with RSC presence. The blue solid line represents the 
bottom salinity and the red solid line represents the surface salinity. The dashed line 
above and below the solid line represent the maximum and minimum values, 
respectively. 
It is noted that the data marked by solid circles represent the averaged value while the 
maximum and minimum are marked by the error bar. Starting with the high salinity at the 
Bay mouth, the modeled salinity tracks the limit of the salt intrusion quite accurately at 
around 310 km. It also follows the characteristics of the sharp salinity gradient in the 
Upper Bay between distances 230 km to 310 km quite well. This is an indication that the 
gravitational circulation was properly simulated. In the lower panel of Figure 7, the 
modeled results for the Rappahannock Shoal Channel closed condition was presented. On 
the left is the salinity spatial distribution for the summer condition while on the right is 
that for the fall condition. A casual comparison can hardly distinguish the modeled 
salinity difference between the existing condition and the RSC closed condition. With a 
close inspection, it is revealed, however, that a slightly lower salinity for both summer 
and fall conditions at the bottom under the RSC closed condition. For the summer, it is 
also slightly higher for the salinity at the surface under the RSC closed condition. All of 
changes occurred at the bay distance 80 km (RSC location). and northward and thus 
confirmed that the effects are mainly in the middle and upper portion of the Bay. 
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Table 1 
Stations names Surface salinity (R value) Bottom Salinity (R value) 
CBl.1 0.7 0.7 
CB2.1 0.9 0.85 
CB2.2 0.88 0.73 
CB3.1 0.90 0.80 
CB3.2 0.88 0.82 
CB3.3C 0.90 0.79 
CB4.1C 0.92 0.76 
CB4.2C 0.91 0.75 
CB4.3C 0.93 0.75 
CB4.4 0.93 0.77 
CBS.I 0.92 0.76 
CBS.lW 0.93 0.87 
CBS.2 0.94 0.79 
CBS.3 0.91 0.76 
CBS.4 0.91 0.89 
CBS.5 0.89 0.73 
CB6.1 0.90 0.75 
CB6.2 0.90 0.67 
CB6.3 0.89 0.65 
CB6.4 0.88 0.70 
CB7.1 0.88 0.68 
CB7.1S 0.84 0.77 
CB7.1N 0.89 0.67 
CB7.2 0.86 0.72 
CB7.3 0.86 0.73 
CB7.3E 0.84 0.74 
CB7.4 0.80 0.80 
CB7.4N 0.79 0.81 
CB8.1 0.88 0.55 
CB8.1E 0.80 0.63 
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Existing condition (top) and Rappahannock Shoal Channel closed (bottom). 
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V-3 Assess impact of Rappahannock Shoal Channel alternation on salinity and oxygen 
distribution 
In the previous section, it was found that, when RSC is closed, the salinity distribution 
changed slightly under a long-term ensemble condition. In this section, we will further 
differentiate it by examining the individual time series record; also, the resulting oxygen 
distribution using the same procedure. In the outset of the examination, it is prudent to be 
reminded that the idea of topographic control is a plausible hypothesis; However, it has 
not been rigorously tested and proven. 
Figure 8 shows CB6. l salinity time series when Rappahannock Shoal Channel was 
closed. This is the counterpart of the Figure 5 in which it was run for the existing 
condition. The first noticeable difference is the presence of much higher frequency 
oscillation at the bottom layer. Because of the large high frequency oscillation, it is not 
easy to make visual comparison point-by-point. However, if the extreme values are 
examined, the general pattern is that the bottom layer can dip to a slightly lower salinity 
as compared to the existing condition. (see examples at year 1.2, 1.7, 3.2, 5.3 etc.). At 
the surface, it is the opposite: the slightly higher salinity can occur as compared to the 
existing condition (see example at year 0.8,1.6, 2,1,3.2, 6.0 etc.). More direct procedure 
was used for comparison using hourly salinity difference data between the existing and 
RSC closed conditions. When this hourly raw data was low passed over two week 
period, it was revealed clearly that the bottom salinity was lower under RSC closed 
condition consistently. This confirms the statistical inference from earlier spatial analysis. 
If the salinity is indeed slightly changed, the question is whether oxygen will also be 
affected by RSC's closed condition? The top panel in Figure 9 showed results of the 
bottom oxygen simulation for the existing condition while the bottom panel for the RSC 
closed condition. The oxygen distribution was generated for the summer and fall 
averaged over a period from 1989-1994. It is rather difficult to make judgment whether 
there is any noticeable difference in terms of mean oxygen change represented by the 
solid line. The maximum value represented by the dashed line above the solid line, 
however, indicated a slightly increase oxygen value under the RSC closed condition. 
In order to measure the signals related to summer low oxygen condition, we selected 
three stations where the anoxic condition was well-known: stations CB5.2 in the mid-
Bay, CB4.2C off the Choptank River, and CB3.3C at the Upper Bay. The model 
simulated salinity and oxygen levels at the bottom for each station are recorded every 
hour during the period from 1989-1994 (The period.from 1989-1992 represents the 
average hydrological year whereas 1993-1994 represents the high flow hydrological 
year). A bi-weekly average is performed in order to remove the short-term variation in 
the time series. The differences of salinity and oxygen between existing and RSC closed 
condition are then calculated based on the following formulae: 
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Existing condition (top) and Rappahannock Shoal Channel closed (bottom). 
Salinity difference= (bottom salinity with the RSC closed condition - bottom salinity 
for the existing condition) 
DO difference = (bottom DO with the RSC closed condition - bottom DO for the 
existing condition) 
The calculated salinity differences based on the above formulations at all three stations 
during the period are almost all negative. This means that under the Rappahannock Shoal 
Channel closed condition, the bottom salinity in the middle and upper portions of the Bay 
indeed decreased. The amount of reduction depends on the period and the station 
location. For example, during the high flow period in 1993-1994, the maximum oxygen 
reduction can reach 0.33 ppt while during the average flow period in 89-92, the 
maximum reduction was only about 0.18 ppt. 
The calculated DO differences at all three stations during the period were almost all 
positive. This means the Rappahonnock Shoal Channel closed condition has a positive 
correlation with the increase of bottom oxygen in the middle and upper portions of the 
Bay. The amount of increase was small. Its amount depends on the period and the station 
location. During the high flow period in 1993-1994, the maximum bottom oxygen 
addition is 0.15 mg/I, while during the average flow period in 1989-1992, the maximum 
addition is about 0.13 mg/I. 
When DO difference was plotted in the vertical axis (positive upward) against the salinity 
difference in the horizontal axis (negative to the right), it is revealed that correlation 
exists. Figure IO shows the results for the period 1989-1992 and Figure 11 for the period 
1993-1994. A plausible explanation is that, under the Rappahonnock Shoal Channel 
closed condition, due to the northward salt transport weakening, the vertical stratification 
is slightly decreased and thus allows the bottom oxygen to increase slightly in the middle 
and upper portion of the Bay. Keep in mind that, although the positive correlation exists, 
the magnitude for the oxygen change is on the order of one one-hundredth of 1 mg/I and 
salinity change is on the order of one tenth of l psu. 
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VI. Discussion and conclusion 
The Rappahannock Shoal Channel is situated in a critical location where the topographic 
influence can potentially play an important role on the transport of salt from the Bay 
mouth northward, and consequently affect the summer anoxic condition in the deep 
channel of the Bay. We carried out a series of numerical experiments using the calibrated 
hydrodynamic and water quality models over a period from 1989-1994. Both existing 
condition and Rappahannock Shoal Channel (RSC) closed scenario were conducted and 
the results were compared. 
Using the bi-weekly averaged results for 18 stations along the longitudinal section of the 
bay, we found that the bottom salinity for the summer and fall in the middle and upper 
Bay stations was slightly reduced under RSC closed scenario. However, the magnitude 
was relatively small. In order to carry out a more detailed, defendable comparison, 
hourly time series for three stations: station CB5.2 in the mid-Bay, CB4.2C outside the 
Choptank River, and CB3.3C at the Upper Bay were recorded. The high frequency time 
series both for the existing condition and RSC closed condition for multi-year simulation 
including two different hydrological conditions period were recorded. 
The salinity difference between the existing condition and RSC closed condition was 
generated and directly compared. Initial examination using hourly raw data found that 
the signal was quite random; it does not p01irait a discernable pattern. When the same 
data was averaged over two week period, it was revealed that the bottom salinity was 
consistently lower under RSC closed condition as compared to the exiting condition. The 
reduction was greater during the high flow years by the maximum value of 0.33 ppt 
versus during the averaged flow years by the maximum value of 0.18 ppt. A similar 
procedure was used for analyzing DO data. Corresponding to the reduction of bottom 
salinity, the bottom oxygen showed a slight tendency of increase. The maximum 
increase during the high flow year was 0.15 mg/1 and during the averaged flow year was 
0.13 mg/1. In terms of remediation, these values are relatively small number. 
The reason that hourly data does not show consistent pattern, we believe, are due to the 
effects of wind. As explained in section V-1 , the RSC's narrow, dredged channel acts 
like a topographic-controlled valve (or sluice gate) . It can be turned on and off fairly 
suddenly with wind forcing. In a up-bay wind direction, it can blow surface water away 
from the sill, lifting the pycnocline, releasing all that backed-up bottom water, unleashing 
unseen waterfalls well below the surface of the Bay. As a consequence, ocean water will 
come flooding over the sill and down into the Deep Trench; a batch of high salinity water 
will ferry into the upper Bay. Once the wind event subsides, the valve can turn off again. 
This wind-induced variability happens in a short time frame and thus its high frequency 
noise smears the long-term signal. When averaged over a two-week period, the wind-
induced signals are removed and what emerged represents the long-term trend regarding 
the salinity and oxygen impacts by the RSC closed condition. The result is consistent 
with current knowledge. 
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One of the improvement can be made from the current approach is the increase of grid 
resolution for resolving Rappahannock Shoal Channel. The actual dimension of the width 
of Rappahannock Shoal Channel is 800 feet and the orientation of the channel is from 
southeast toward northeast. The current model grid is too coarse to directly resolve the 
channel and therefore, a zig-zag grid cell was used to approximate the actual geometry. 
A better approach will be to use a very high resolution, unstructured grid to resolve the 
width as well as the orientation of the cell side. This will give a much better 
representation of the RSC. However, this is beyond the scope of the present project. 
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B-13: Comparison of low-pass observed and computed velocity at station CCA (CB5 .1 ). 
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Table I. Water quality parameters in CBP* and MOE** monitoring data 
Parameters Symbol Unit Period 
emperature T centigrade CBP: 92-97; MOE: 94-95 , 97 
Salinity s ppt CBP: 92-97; MOE: 94-95 , 97 
dissolved oxygen DO mg/I CBP: 92-97; MOE: 94-95, 97 
chlorophyll-a CHL ~tg/1 CBP: 92-97; MDE: 94-95 , 97 
total suspended solids TSS mg/I CBP: 92-97; MOE: 94-95, 97 
secchi depth 111 CBP: 92-97; MOE: 94-95, 97 
particulate carbon PC mg/I CBP: 92-97; MDE: 94-95, 97 
dissolved organic carbon DOC mg/I CBP: 92-97; MDE: 94-95 , 97 
particulate nitrogen PN mg/I CBP: 92-97; MDE: 94-95, 97 
total dissolved nitrogen TON mg/I CBP: 92-97; MDE: 94-95, 97 
ammonium nitrogen NH4 mg/I CBP: 92-97; MOE: 94-95, 97 
nitrate+nitrite nitrogen N03 mg/I CBP: 92-97; MDE: 94-95 , 97 
particulate phosphorus pp mg/I CBP: 92-97; MDE: 94-95, 97 
total dissolved phosphorus TDP mg/I CBP: 92-97; MDE: 94-95 , 97 
dissolved phosphate P04d mg/I CBP: 92-97; MOE: 94-95 , 97 
particulate inorganic phosphorus PIP mg/I CBP: 92-97; MDE: 94-95, 97 
particulate biogenic silica SU mg/I CBP: 92-97; MDE: 94-95 , 97 
dissolved silica SA mg/I CBP: 92-97; MOE: 94-95, 97 
* CBP: Chesapeake Bay program, US Environmental Protection Agency 
** MDE: Maryland Department of the Environment 
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Table 2. Statistics ofbenthic flux data from Back River and Baltimore Harbor (Boynton et 
al. , 1998). 
BFNH4 (g/m2/day) BFN03 (g/m2/day) 
STATION MIN MAX MEAN NUMBER MIN MAX MEAN NUMBER 
WCPT* 0.02 0.25 0.13 15 -0. 10 0.03 -0.01 13 
MDGT* 0.04 0.26 0.14 8 -0.02 0.01 0.00 8 
DPCK* 0.04 0.32 0.17 15 -0.16 0.03 -0.06 15 
RVBH 0.01 0.10 0.05 6 -0.03 0.05 -0.01 6 
HMC 0.05 0.24 0.14 9 -0.06 -0.01 -0.02 8 
CTBY 0.00 0.19 0.08 6 -0.05 0.01 -0.02 6 
FFOF 0.06 0.23 0.14 8 -0.08 -0.01 -0.05 9 
FYBR 0.01 0.13 0.08 6 -0.03 0.00 -0.01 6 
INHB 0.14 0.73 0.46 6 -0.05 0.00 -0.02 6 
BFP04 (g/m2/day) BFSI (g/m2/day) 
STATION MIN MAX MEAN NUMBER MIN MAX MEAN NUMBER 
WCPT* 0.00 0.13 0.05 15 0.08 0.53 0.27 14 
MDGT* 0.01 0.05 0.03 6 0.14 0.27 0.18 8 
DPCK* 0.00 0.04 0.02 15 0.03 0.53 0.26 14 
RVBH 0.00 0.01 0.01 6 0.13 0.33 0.23 6 
HMCK 0.00 0.05 0.01 7 0.08 0.24 0.17 9 
CTBY 0.00 0.08 0.02 6 0.10 0.36 0.21 6 
FFOF 0.00 0.06 0.02 9 0.14 0.34 0.23 9 
FYBR 0.00 0.02 0.01 6 0.12 0.25 0.22 6 
INHB 0.00 0.10 0.06 6 0.10 0.30 0.23 6 
SOD (g/m2/day) 
STATION MIN MAX MEAN NUMBER 
WCPT* 
-3.3 1 -0.82 -2.16 15 
MDGT* 
-3.07 -1.17 . -1.94 9 
DPCK* 
-2.78 
-1. 12 -1.98 15 
RVBH 
-4.12 
-0.85 -2 .18 6 
HMCK 
-2.04 
-1.71 -1.84 9 
CTBY 
-3 .12 
-0.71 -1.34 6 
FFOF 
-2.18 
-1.63 -1.88 9 
FYB 
-1 .63 
-0.67 -1.09 6 
INHB -1.82 
-0.38 -0.85 6 
* WCPT, MDGT, DPCK are in Back River, the other stations are in Baltimore Harbor. 
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Table 3. Model state variables in the eutrophication water quality model. 
Parameter 
Temperature 
Salinity 
Total Suspended Solids 
Dino flagellates 
Diatoms 
Green Algae 
Refractory Particulate Organic Carbon 
Labile Particulate Organic Carbon 
Dissolved Organic Carbon 
Refractory Particulate Organic Nitrogen 
Labile Particulate Organic Nitrogen 
Dissolved Organic Nitrogen 
Ammonium Nitrogen 
Nitrate+nitrite Nitrogen 
Refractory Particulate Organic Phosphorus 
Labile Particulate Organic Phosphorus 
Dissolved Organic Phosphorus 
Total Phosphate 
Particulate Biogenic Silica 
Available Silica 
Chemical Oxygen Demand 
Dissolved Oxygen 
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symbol 
T 
s 
TSS 
Br 
Bd 
Bg 
RPOC 
LPOC 
DOC 
RPON 
LPON 
DON 
NH4 
N03 
RPOP 
LPOP 
DOP 
P04t 
SU 
SA 
COD 
DO 
Table 4. Model state variables and fluxes in the benthic sediment flux model. 
Parameters 
particulate organic carbon in Layer 2 (Gi, G2 and G3 classes) 
particulate organic nitrogen in Layer 2 (G 1, G2 and G3 classes) 
particulate organic phosphorus in Layer 2 (G 1, G2 and G3 classes) 
particulate biogenic silica in Layer 2 
sulfide (salt water) or methane (fresh water) in Layer I and 2 
ammonium nitrogen in Layer I and 2 
nitrate nitrogen in Layer I and 2 
phosphate phosphorus in Layer I and 2 
avai lable silica in Layer I and 2 
ammonium nitrogen flu x 
nitrate nitrogen flux 
phosphate flux 
silica flux 
sediment oxygen demand 
release of chemical oxygen demand 
sediment temperature 
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Table 5. Parameters related to algae in the water column. 
parameter description value unit 
PMr maximum growth rate of algae group I 2.5 day' 1 
PM<l* maximum growth rate of algae group 22 .5 day' 1 
PMg maximum growth rate of algae group 32.5 day' 1 
KHNx half-saturation constant ofN uptake by algae 0.01 g N m·3 
KHPx half-saturation constant of P uptake by algae 0.001 g p m·3 
KHS half-saturation constant of Si uptake by diatoms 0.05 g Si m·3 
KHRx half-saturation constant of DO for algal 
excretion of DOC 0.5 g 0 2 m·3 
IHr half-saturation light intensity for algal 
group I growth 50 langley day' 1 
IH<l half-saturation light intensity for algal 
group 2 growth 30 langley da/ 
IHg half-saturation light intensity for algal 
Group 3 growth 40 langley day' 1 
KE0 background light attenuation coefficient 0.12-0.15 m·l 
KEcHL light attenuation coefficient due to 
self-shading of algae 0.017 m2 per mg CHL 
KE1ss light attenuation coefficient due to TSS 0.07 m2 per g TSS 
CCHL, C-to-CHL ratio in algae 60.0 g C per g CHL 
TMr optimum T for algal group I growth 25.0 oc 
™d optimum T for algal group 2 growth 20.0 oc 
TMg optimum T for algal group 3 growth 22.5 oc 
KTGlr effect ofT below optimum Ton algal 
group! grow 0.006 oc2 
KTG2r effect ofT above optimum Ton algal 
group) grow 0.006 oc2 
KTGl<l effect ofT below optimum Ton algal 
group2 growth 0.004 oc2 
KTG2d effect ofT above optimum Ton algal 
group2 growth 0.006 oc2 
KTGl s effect ofT below optimum Ton algal 
group3 growth 0.012 oc2 
KTG2g effect ofT above optimum Ton algal 
group3 growth 0.007 oc2 
BMRr basal metabolism rate of algae group I 
at reference T 0.05 day' 1 
BMR<l basal metabolism rate of algae group 2 
at reference T 0.05 day' 1 
BMRs basal metabolism rate of algae group 3 
at reference T 0.05 day' 1 
PRRr predation rate of algae group I at reference T 0.05 day' 1 
PRR<l predation rate of algae group 2 at reference T 0.05 day'1 
PRRg predation rate of algae group 3 at reference T 0.20 day' 1 
KTBx effect of Ton basal metabolism of algae 0.069 oc l 
TR, reference T for basal metabolism of algae 20.0 oc 
WSr settling velocity for algal group I 0.1 mday' 1 
WSd** settling velocity for algal group 2 0.3 mday' 1 
WSg settling velocity for algal group 3 0.1 mday' 1 
PMd* : 3.0 day' 1 in sensitivity analysis: WSd* *: 0.9 m day' 1 in sensitivity analysis. 
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Table 6. Parameters related to organic carbon in the water column. 
Parameters description value unit 
FCRP fraction of predated algal C 
produced as RPOC 0.35none 
FCLP fraction of predated algal C 
produced as LPOC 0.55none 
FCDP fraction of predated algal C 
produced as DOC 0.10 none 
FCD, fraction of metabolized C by algae 
produced as DOC 0.0 none 
KHR, ha] f-saturation constant of DO for 
algal excretion of DOC 0.5 g 02 m-3 
KH000c half-saturation constant of DO for 
oxic respiration of DOC 0.5 g 02 m-3 
KRc minimum respiration rate of RPOC 0.005 day-I 
KLc minimum respiration rate of LPOC 0.075 day-I 
Koc minimum respiration rate of DOC 0.020 day-I 
KRcalg constant relating respiration 
of RPOC to algal biomass 0.0 day-1 per g C m-3 
KLcalg constant relating respiration 
of LPOC to algal biomass 0.0 day-1 per g C m-3 
Kocalg constant relating respiration 
of DOC to algal biomass 0.0 day- 1 per g C m-3 
KTHDR effect ofT on hydrolysis/ 
mineralization of POM/DOM 0.069 ocl 
KTMNL effect ofT on hydrolysis/ 
mineralization of POM/DOM 0.069 ocl 
TR1-1DR reference T for hydrolysis of POM 20.0 oc 
TRMNL reference T for mineralization of DOM 20.0°C 
KHNDN N half-saturation constant ofN023 for 
Denitri fication 0.1 gN m-3 
AANOX ratio of denitrification to oxic DOC 
respiration rate 0.5 none 
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Table 7. Parameters related to nitrogen in the water column. 
Parameters description Value unit 
FNRP fraction of predated algal N produced as 
RPON 0.35 none 
FNLP fraction of predated algal N produced as 
LPON 0.5 5 none 
FNDP fraction of predated algal N produced as 
DON 0.10 none 
FNIP fraction of predated algal N produced as 
NH4 0.00 none 
FNR fraction of metabolized algal N produced 
as RPON 0.0 none 
FNL fraction of metabolized algal N produced 
as LPON 0.0 none 
FND fraction of metabolized algal N produced 
as DON 1.0 none 
FNI fraction of metabolized algal N produced 
as NH4 0.0 none 
ANCx N-to-C ratio in algae 0.167 g N per g C 
ANDC mass ofN02rN consumed per mass 
DOC oxidized 0.933 g N per g C 
KRN minimum hydrolysis/mineralization rate 
ofRPON 0.005 day" 1 
KLN minimum hydrolysis/mineralization rate 
of LPON 0.075 day" 1 
KoN minimum hydrolysis/mineralization rate 
ofDON 0.01 5 day" 1 
KRnalg constant relating hydrolysis/mineralization 
of RPON to algal biomass 0.0 day" 1 per g N m·3 
KLualg constant relating hydrolysis/mineralization 
of LPON to algal biomass 0.0 day" 1 per g N m·3 
Konalg constant relating hydrolysis/mineralization 
of DON to algal biomass 0.0 day" 1 per g N m·3 
KHDONrr half-saturation constant of DO for 
nitrification 1.0 g 0 2 m·3 
KHNNJT half-saturation constant ofNH4 for 
nitrification 1.0 g N nf3 
NTM maximum nitrification at optimum T 0.007 day" 1 
KTNn effect ofT below optimum Ton 
nitrification rate 0.0045 oc-2 
KTNTI effect ofT above optimum Ton 
nitrification rate 0.0045 oc-2 
TM NT optimum T for nitrification rate 27.0 oc 
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Table 8. Parameters related to phosphorus in the water column. 
Parameter description Value unit 
FPRP fraction of predated algal P produced 
as RPOP 0.1 none 
FPLP fraction of predated algal P produced 
as LPOP 0.2 none 
FPDP fraction of predated algal P produced 
as DOP 0.5 none 
FPRx fraction of metabolized P by algae 
produced as RPOP 0.0 none 
FPL, fraction of metabolized P by algae 
produced as LPOP 0.0 none 
FPO, fraction of metabolized P by algae 
produced DOP 0.5 none 
APCMlN minimum P-to-C ratio in algae 0.01 g P per g C 
APCMAX maximum P-to-C ratio in algae 0.024 g P per g C 
P04DMAX maximum P04d beyond which 
APC = APCMAX 0.01 g p m-3 
K RP minimum hydrolysis/mineralization 
rate ofRPOP 0.005 daf1 
KLr minimum hydrolysis/mineralization 
rate ofLPOP 0.075 daf1 
Kop minimum hydrolysis/mineralization 
rate ofDOP 0.1 daf1 
KRpalg constant relating hydrolysis/ 
mineralization of RPOP to algal biomass 0.0 daf I per g P m-3 
KLpalg constant relating hydrolysis/ 
mineralization of LPOP to algal biomass 0.0 daf1 per g P m-3 
Kopalg constant relating hydrolysis/ 
mineralization of DOP to algal biomass 0.0 daf1 per g P m·3 
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Table 9. Parameters related to silica in the water column. 
Parameter 
FSA 
ASCd 
Ksu 
KTsuA 
TRsuA 
description 
fraction of predated diatom Si 
produced as SA 
Si-to-C ratio in diatoms 
dissolution rate of SU at reference T 
effect ofT on dissolution of SU 0.092 
reference T for dissolution of SU 20.0 
Value 
0.0 
0.5 
0.025 
oc I 
oc 
unit 
none 
g Si per g C 
day" 1 
Table I 0. Parameters related to chemical oxygen demand and di ssolved oxygen in the water column 
Parameters description Value unit 
KHOcoo half-saturation constant of DO for 
oxidation of COD 1.5 g 0 2 m·J 
Keo oxidation rate of COD at reference 
temperature 20.0 day" 1 
KTcoo effect ofT on oxidation of COD 0.041 oc l 
TRcoo reference T for oxidation ofCOD20.0 oc 
KRDO reaeration coeffici ent 2.4 mday" 1 
AOCR mass DO consumed per mass C 
respired by algae 2.67 g 0 2 per g C 
AONT mass DO consumed per mass 
NH4 - N nitrified 4.33 g 0 2 per g 
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Tables 11 . Parameters used in the sediment flux model 
parameters description value unit 
HSEDALL depth of sediment 10 cm 
DIFFT heat diffusion coefficient between water 
column and sed iment 0.0018 cm2 sec-1 
SALTSW salinity for dividing fresh and saltwater 
for SOD kinetics (sulfide in saltwater or 
methane in freshwater) and for P04 
sorption coefficients 1.0 ppt 
SALTND salinity for dividing fresh or saltwater 
for nitrification/denitrification rates 
(larger values for fre shwater) 1.0 ppt 
FRPPHl( l) fraction of POP in algal group No I 
routed into G I class 0.65 none 
FRPPH 1(2) fraction of POP in algal group No I 
routed into G2 class 0.255 none 
FRPPH l(3) fraction of POP in algal group No I 
routed into G3 class 0.095 none 
FRPPH2(1) fraction of POP in algal group No 2 
routed into G 1 class 0.65 none 
FRPPH2(2) fraction of POP in alga l group No 2 
routed into G2 class 0.255 none 
FRPPH2(3) fract ion of POP in algal group No 2 
routed into G3 class 0.095 none 
FRPPH3( 1) fraction of POP in algal group No 3 
routed into G1 class 0.65 none 
FRPPH3(2) fraction of POP in alga l group No 3 
routed into G2 class 0.255 none 
FRPPH3(3) fraction of POP in algal group No 3 
routed into G3 class 0.095 none 
FRNPH l(I) fraction of PON in algal group No I 
routed into G1 class 0.65 none 
FRNPH 1(2) fraction of PON in algal group No I 
routed into G2 class 0.28 none 
FRNPH1(3) fraction of PON in algal group No I 
routed into G3 class 0.07 none 
FRNPH2(1) fraction of PON in algal group No 2 
routed into G I class 0.65 none 
FRNPH2(2) fraction of PON in algal group No 2 
routed into G2 class 0.28 none 
FRNPH2(3) fract ion of PON in algal group No 2 
routed into G3 class 0.07 none 
FRNPH3( 1) fraction of PON in algal group No 3 
routed into G I class 0.65 none 
FRNPH3(2) fraction of PON in algal group No 3 
routed into G2 class 0.28 none 
FRNPH3(3) fraction of PON in algal group No 3 
routed into G3 class 0.07 none 
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FRCPHl(I) fraction of POC in algal group No I 
routed into G1 class 0.65 none 
FRCPHl(2) fraction of POC in algal group No I 
routed into G2 class 0.255 none 
FRCPHl(3) fraction of POC in algal group No I 
routed into G3 class 0.095 none 
FRCPH2(1) fraction of POC in algal group No 2 
routed into G 1 class 0.65 none 
FRCPH2(2) fraction of POC in algal group No 2 
routed into G2 class 0.255 none 
FRCPH2(3) fraction of POC in algal group No 2 
routed into G3 class 0.095 none 
FRCPH3(1) fraction of POC in algal group No 3 
routed into G1 class 0.65 none 
FRCPH3(2) fraction of POC in algal group No 3 
routed into G2 class 0.255 none 
FRCPH3(3) fraction of POC in algal group No 3 
routed into G3 class 0.095 none 
KPDIAG(I) reaction (decay) rates for G1 class 
POP at 20°C 0,035 day" 1 
KPD1AG(2) reaction (decay) rates for G2 class 
POP at 20°C 0.0018 day" 1 
KPD1AG(3) reaction (decay) rates for G3 class 
POP at 20°C 0.0 day"' 
DPTHTA(I) constant for T adjustment for G 1 
class POP decay I. I 0 none 
DPTHTA(2) constant for T adjustment for G2 
class POP decay 1.1 5 none 
KNDIAG(I) reaction (decay) rates for G1 class 
PON at 20°C 0,03 5 day" ' 
KND1AG(2) reaction (decay) rates for G2 class 
PON at 20°C 0.0018 day" 1 
KND1AG(3) reaction (decay) rates for G3 class 
PON at20°C 0.0 day- I 
DNTHTA(I) constant for T adjustment for G 1 
class PON decay 1.10 none 
DNTHTA(2) constant for T adjustment for G2 
class PON decay 1.15 none 
KCDIAG(I) reaction (decay) rates for G 1 class 
POC at 20°C 0,03 5 (day" 1) 
KCD1AG(2) reaction (decay) rates for G2 class 
POC at 20°C 0.0018 (day" 1) 
KCD1AG(3) reaction (decay) rates for G3 class 
POC at 20°C 0.0 (day" 1) 
DCTHTA(l) constant for T adjustment for G1 
class POC decay I.JO none 
DCTHTA(2) constant for T adjustment for G2 
class POC decay 1.1 5 none 
KS! I s1-order reaction ( dissolution) rate 
of PSi at 20°c 0.5 day" 1 
THTASI constant for T adjustment for PSi 
dissolution I.I none 
Ml solid concentrations in Layer I 0.5 kg r' 
M2 solid concentrations in Layer 2 0.5 kg r' 
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THTADP constant for T adjustment for 
diffusion coefficient for particle 
mixing 1.117 none 
THTADD constant for T adjustment for 
diffusion coefficient for dissolved 
phase 1.08 none 
KAPPNH4F optimum reaction velocity for 
nitrification in Layer I for 
freshwater 0.20 m day·1 
KAPPNH4S optimum reaction velocity for 
nitrification in Layer I for saltwater 0.14 mday"1 
THTANH4 constant for T adjustment for 
nitrification 1.08 none 
KMNH4 half-saturation constant ofNH4 
for nitrification 1500.0 mgN m·3 
KMNH402 half-saturation constant of DO 
for nitrification 1.0 g 02 m·3 
PIENH4 partition coefficient for NH4 in 
both layers 1.0 per kg r1 
KAPPN03F reaction velocity for denitrification 
in Layer I at 20°C for freshwater 0.3 m day· 1 
KAPPN03S reaction velocity for denitrification 
in Layer I at 20°C for saltwater 0.125 mday"1 
K2N03 reaction velocity for denitrification 
in Layer 2 at 20°C 0.25 m day·1 
THTAN03 constant for T adjustment for 
denitrification 1.08 none 
KAPPDI reaction velocity for di ssolved 
H2S oxidation in Layer I at 20°C 0.2 mday"1 
KAPPPI reaction velocity for particulate 
H2S oxidation in Layer I at 20°C 0.4 mday" 1 
PIEIS partition coefficient for H2S in Layer I 100.0 per kg r' 
PIE2S partition coefficient for H2S in Layer 2 100.0 per kg r' 
THTAPDI constant for T adjustment for both 
dissolved & particulate H2S oxidation 1.08 none 
KMHS02 constant to normalize H2S oxidation 
rate for oxygen 4.0 g 02 m·3 
CSISAT saturation concentration of Si in the 
pore water 40000.0 mg Si m·3 
DPIEISI incremental partition coefficient for 
Si in Layer I 10.0 per kg r' 
PIE2SI 2 partition coefficient for Si in Layer 2 100.0 per kg r' 
02CRITSI critical DO concentration for Layer I 
incremental Si sorption 1.0 g 02 m·3 
KMPSI half-saturation constant of PSi for Si 
dissolution 5 IO 7 mg Si m·3 
JSIDETR detrital flux of PSi to account for PSi 
settling to the sediment that is not 
associated with algal flux of PSi 100.0 mg Si m·2 day" 1 
DPIEIP04F* incremental partition coefficient 
for P04 in Layer I for freshwater 3000.0 per kg r' 
DPIEIP04S* incremental partition coefficient for 
P04 in Layer I for saltwater 300.0 per kg r' 
PIE2P04* partition coefficient for P04 in Layer 2 100.0 per kg r' 
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02CRIT critical DO concentration for Layer I 
incremental P04 sorption 
KM02DP half-saturation constant of DO for 
particle mixing 
TEMPBEN temperature at which benthic stress 
accumulation is reset to zero 
KBENSTR I '1-order decay rate for benthic stress 
KLBNTH ratio ofbio-irrigation to bioturbation 
DPMIN minimum diffusion coefficient for 
particle mixing 
KAPPCH4 reaction velocity for dissolved CH4 
oxidation in Layer 1 at 20°C 
THTACH4 constant for T adjustment for dissolved 
CH4 oxidation 
VSED net burial (sedimentation) rate 
VPMIX diffusion coefficient for particle mixing 
VDMIX diffusion coefficient in pore water 
WSCNET net settling velocity for algal group I 
WSDNET net settling velocity for algal group 2 
WSGNET net settling velocity for algal group 3 
OPIE I P04F*: I 000.0 I/ kg in sensitivity analysis in Back River. 
OPIE I P04S*: I 00.0 I/ kg in sensitivity analysis in Back River. 
PIE2P04*: 30.0 I/ kg in sensitivity analysis in Back River. 
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2.0 g 0 2 m-3 
4.0 g 0 2 m·3 
10.0 oc 
0.03 day· 1 
0.0 none 
3 IO -6 m2 day" 1 
0.2 m dal 
1.08 none 
0.25 cmyr"1 
1.2 IO ·4 nl day"1 
0.001 m2 day" 1 
0.1 mday" 1 
0.3 mday"1 
0.1 mday"1 

/ 
